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The  Ctipurity  of  the  Capillary  Elcciromftcr 
By  A.  L.  CiARK,  Ph.D.,  K.R.SC". 
iKf.id  M.iy  Mi-fiin',-,  l>*-'(ii 

In  spite  of  till'  fact  that  the  capillar\-  tlcctroiiKtt'r  ha^  W'cn  the 
subject  of  study  e\  er  since  the  pioneer  work  of  Lippmann',  the  question 
of  the  cause  of  the  hirjje  capacity  and  its  possible  ^ariatio^  with  the 
potentiakliffereiice  cannot  l)e  said  to  ha\e  Ix^-n  answered  satisfactorily. 
The  controversy  over  the  explanation  of  electro-capillary  phenomena 
and  the  existence  of  an  electric  double  layer  at  the  boundary  U'tw.'en  .1 
metal  and  an  elL'ctr(>!yte  or  a  ^d^  is  still  ()[X"n  to  contribution  and  the 
importance  of  the  question  makes  ad\isable  the  i)ul)lication  ol  tin- 
following  investigation. 

If  the  large  c;ipacil\  of  the  electrometer  is  due  to  a  double  layer 
such  as  conceived  by  Helmholtz,^  it  might  be  exjKrted  that  the 
properties  of  this  double  layer  would  depe'nd  on  the  difterentv  of 
potential  of  the  two  sides  and  the  cap.icity''  might  Ik-  a  fimction  of 
this  potential  difference,  ("onlrarv  to  the  explicit  statement  ol 
Burch*  that  th  -  capacity  i>  independent  of  the  difference  of  potential, 
preliininary  observations  showed  that  the  c.ipacity  is  a  function  of  the 
potential  difference.  Also,  contrary  to  his  ;-tatement  of  the  cas*-,  the 
capacity  is  very  different  when  ihe  direction  of  the  applietl  pot  -ntial  is 
reversed.  As  ordinarily  used,  the  niercur\  of  the  electromeler  is  the 
cathode.  ("Otherwise  the  nierciir\  U-comes  fouled  after  a  short  time 
and  sticking  results.  Later  study  of  the  \ariations  of  capacity  have 
confirnied  the  results  obtained  earlier,  and  the  following  paper  is  an 
account  of  tht-  work  carried  out  in  the  sununer  of  l'>17. 

Al'P.VR.MUS 

The  form  of  electrometer  usc-d  is  essi-ntially  the  same  as  that  used 
by  Burch  with  .1  few  modihcations  for  convenieiuv  in  handling  and  for 
changing  ca[)illaries.  The  tubing  was  of  the  soft,  soda-glass  variety 
selected  to  Ix-  free  froin  irrgeularities.  It  was  washed  with  hot  atiua- 
regia,  water,  hot  potassium  hydroxide  and  distilled  water  and  tinally 

'  I.ippmunn,  I'oKK.  .\nn.  14'),  .S46,  1X7,!;  Wii-.I.  Ami.  II,  ,'20,  IHSO.  (  onipt. 
rend.  7(),  1407,  187.<:  Q.S.  ()«(),  1802.  Ann.  .ji-  Clicm,  n  riu>,  !.>!.  4')4,  |S77,  ),,ur. 
dr  rhvs.  (2)  2,  lift,  IX.V.I. 

'  Helmluiltz.     Wioil.  Ann.  7,  ^^l .  1,S7<I;    16,  M).  1,H,S2. 

•  The  wok!  capacity  is  usc-il  lu-n-  in  the  sense  of  .ip|iiiri  ni  i  .i|i,i(  ii> . 

'  Burch,  Kleclriiian  tl  oniloni.     July  17,  27,  .U,  \\\^.  7,  I8'»7. 

Sn.  III.  Sig.  6 


18'?0i 


74 


Tm;  Kov.M.  sofiKiv  i)y  <  anada 


,i' '  ;:";;■,",:::'",;;,:■:;,;' ;:• ■" "■•"••  r" »-" "-»"■"■  •«'■' 

11.1-  "lajnr  p„„  ,.f  liK.  „„rk  w;„    >.  tr     <„,,  1   i  "'%.'" 

Klas>-rubi,erconMcct  oiw.      If  r  irt-fiilK- n,-,.,,  .    i  »i        .^ '"  '  'i  ta>e  ol 
l,.,i-.         f    •    .■  ,  '^'  '">  P'*^  P'Ttd,  tliiriisniis  urn  ofanv 

:n;:;:^:n;:;:;;:;;r\;!;;:;:;i:::- -r  :!^-;5^'-'---'" 

u  I  nn,  n,M  ,,,„.  „„„,„,v(l  on  a  niicninuKT  -IMc. 
<'A)"ACITV    MlAsiKiMI MS 

.'  Man.lan    ,n„,K„M.r  ,„  a  kn.mn  p.m.ptial  an.l  allow  ir  ,o  slr.r     it 

■ ^ '-^>^^;^w::;;:;^'■T:!•:t;;:I:':,';^™•''■■■"^■ 

":';;■",;;:;',;"•■'.'- i;, « n-  .:::;;;  ;:™r':,,: 

'"•"  '!'<    "i>  'iiH  11-  ai\\a>s  ronios  to  rest  at  t!i 
llllnuo|,,,„,   ,h,.  .,.,i,,, 

■'"'-  """;"1  "'  -  l>.'r,inK  the.  .K.c-,ro„K,.,  and  alluw.nu  i.  to  .1,  .ro 


iiilr  |inint  in  llir  tulx.' 
Il( 


(  Ai'ii  I  AKN  i;i  i,(  ri<(>Mi;ri-.K 


75 


rhiiii^;r  in  rapacity  of  tlu'  iKTti'onu'tf'r  diii'  to  the  chaiij^td  po-ilioii  of 
the  )iH'niscii>. 

If  till'  oris'inal   potential  of  the  st.mclard  condtiistr  of  capacity 
C,  is  Vi  and  .iftcr  mixture  is  \',  \vi-  lia\c  for  the  total  chariLii' 

Oi  =  C,Vi  =  ((",  +(■)  v=c,\-f(j 

where  (,"  i>  the  iapaeit\-  of  the  electrometer  in  tile  tmal  position.  Q  is 
t!ie  chari;e  in  llie  eleclromel'T  after  mixture.      I'Vom  these  t-(|uations 

v^-y 

V 

,,r  (j  =  C,  (\-,-\i. 

I'sint;  the  lir.-t  we  ma>-  !L;et  the  \ala>-  of  ('.  Iml  for  compari-on  ol  results, 
wc  ma\-  plot  (J  against  \'.  i.e.,  the  charge  ni  the  <  lecirometcr  ai^ainst 
the  i)otential.  Tiien,  if  tln'  capacit\  is  ccmstant  the  Kraph  will  tie 
straii'ht,  if  \Mrialile  it  will  1m'  curv'd. 


(   =(" 


If  the  capacity  is  not  constant  it  -hoiild  lie  delined  a- 


<1<J 
<1V 


or  as  the 


slope  of  the  (J-\'  curve.  The  ordinary  tk'hnition  ol  capacity  at  any 
t;i\eii  potential  dilTiTencc  uixes  the  a\eragi'  \allle  over  the  inter\al  ol 
pot(.'ntial  from  zero  to  the  fiii.il  \alue. 

l-'iiiure  1  shows  the  general  character  of  the  results  ot  cap.ieity 
measurement.  In  most  cases  for  direct  charj.;ing,  with  ur  rcur\  as 
the  cathode,  tln'  cap  eit\  decreases  as  the  |)otential  difference  iiKfeases 
and  iK'comes  nearK  constant.  I'or  r<.'\ers.'  char^'in^  th  ■  capacity 
always  increases  and  for  the  LiryiT  potentials  liecomes  \ere  l,iri;t'. 
The  slope  of  the  curw  is  I'ontinuous  throui;h  tlf  orijjin.  In  a  k\v 
casts,  the  cur\i-  for  direct  char^inj;  was  conc.ue  upw.ud  and  the 
capacit\  increased  a  little  and  Ucame  constant.  In  either  c.isi'  the 
capacity  sterns  to  approach  a  steady  \alue.  In  all  cas'.s  where  the 
curve  for  direct  charp'  is  concaxc  upward,  the  cipacitN'  is  \er\  hiuh. 
This  form  of  curve  is  e.isils-  intt'rpretdi. 

We  ma\  regard  th.'  electrometer  as  ,i  s\stem  composed  ol  two 
condensers  in  siries,  one  at  the  surfaci  of  the  m<.TCur\-  in  the  capil- 
l,ir\-  tube,  the  other  at  the  surface  in  the  l.irger  \issil.  If  we  c, ill  the 
capacity  of  the  first  ("i  and  that  of  the  second  ("2,  the  comliined 
capacity  is  given  hv 

'    -   '    i    1 

—  =        f  or 

C      C-,     (u 
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FIG      I 


ll  (  i:  i>  \fr\-  l.iri;!.'  t(iiii|)aR(l  with  ('i,  this  hccoiin's  C'  =  Ci  and  the 
apparent  <ai)a(ity  is  that  of  thf  sin.illrr  ((nidfnsir.  If  C",  is  not  sulilici- 
i  nll\-  siiiail,  tiifii  ('  (jopviuls  on  Cj. 

If  \vc  add  a  small  chariic,  (i(|,  to  tlf  cli'di-onictcr,  the  capacity 
changes  ii\-  the  amount 

...      (',-d("2  +  r,-'dC, 

(I  (   = 

So  ih.'  chaiim'  ill  <il>s(TVfd  capacity  depends  on  C"i-'dC.>  +  C".;-dCi. 

In  many  ol  the  observed  cases  dC,  is  negative,  while  dC'o  is  always 
positive.  If  we  assume  that  this  is  ahva\s  true,  then  C  may  increase, 
de<Tease  or  remain  station.ir>-  if  C,-(l( ',  -  C.-dCi  is  greater  than,  less 

tlKiii,  or  eiiual  to  n  respectiM-K  .  or  if  '    --  is  greater  than,  less  than,  or 

eipial  to  -;^. 

l-.\amination  of  I'igure  1  (which  is  for  the  case  where  Cj  is 
\vx\  large  com|)ared  wilii  C,  and  hence  C=('i)  we  see  that  the 
change's  in   capacity   for  neg,.ti\e  charging  are   very  large  compared 
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with  those  with  positive  charginR.     The  -anie  must  h<-  true  for  C,. 


Hence  —  will  l)c  vcr\-  large,  as  the  slope  of  the  tangent  in  the  negative 

dCi  ■  C,- 

part  of  the  cur^e  changes  very  ra.pidK 


dC; 


So  in  ca-ic  —..  is  not  very 
V  r 

iC"  >  0  and  the  curve  slopes 


large,  we  niav  have  '-^'  >  --„  and  then 
d(_  1       t  1" 

upward  in  the  pdsitive  portion. 

In  case  —  is  verv  large  the  <urve  will  shipe  as  in  Figure  1. 

Since  in  making  the>t'  determinations  of  capacity,  it  is  necessary 
to  have  the  meniscus  st.ii)  at  the  same  poi;  t  alt  r  tl'c  di  charge  into 
the  standard  condenser,  the  pressure  require^  adjustment  to  brmg 
the  meniscus  to  the  proper  final  point.  Whil.  n  seemed  unlikely  that 
this  small  change  of  pressure  would  have  an>  <  Ifect  on  the  capacity, 
an  electrometer  was  arranged  to  be  placed  inside  a  bell  jar  from  which 
the  air  could  be  removed.  This  necessitated  an  arrangement  for  a 
wide  change  of  pressure,  which  was  accomplished  without  much 
difficulty.  There  is  certainly  no  change  in  capacity  due  to  ^  b.ange  of 
pressure  of  an  amount  less  than  one  atmosphere. 

A  striking  example  of  the  increase  of  capacity  with  negative 
charging  of  the  electrometer  was  st^Mi  in  the  case  of  electrical  oscilla- 
tions of  a  system  in  which  the  electrometer  was  included.  All  attempts 
to  build  an  electrometer  with  resistance  low  enough  to  obtain  oscilla- 
tions '  with  it  in  series  with  a  self-inductance  proved  futile.  But,  by 
arranging  a  standard  condenser  in  parallel  with  the  electrometer  and 
these  in  series  with  the  self-inductance,  oscillations  are  possible. 
Approximate  theors-  shows  that  these  are  oscillations  impressed  on  a 
logarithmic  charge  or  discharge  cur\e. 
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'  In  a  later  paix-r  an  oscillatory  sysirin  will  bo  ,|r.cribod  where  llie  capacity  is 
that  of  a  pair  of  jxilarized  electrodes. 
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We  may  treat  the  electrometer  as  thoii^;li  it  were  a  si:nple  oon- 
denser  in  series  with  a  hi^'h  resistance,  nexlectiiiK  both  changes  in  this 
resistance  and  the  capacity  of  the  Cdndenser.  The  arrangement  of 
the  dischar^ie  circuit  is  shown  in  Figure  2.  The  li.Utery  whose  emf  is 
K  supi^liis  the  ciirreiil  1  lhruuj;h  tlie  resistance  R,  and  a  kev  K,, 
which  is  one  of  the  ke\  -  of  a  drop  chronograph.  The  two  condenst>rs 
of  capacities  I",  and  Co  are  connected  as  shown  and  are  charged  so 
that  the  potential  difference  is  I  K.  R„  is  the  high  resistance  of  the 
electrometer  whose  capacit>-  is  (\_.  I.  i>  a  self-inducl.ince  inserted  so 
that  the  discharge  nia>-  he  oscillator\ .  The  se  ond  kc\  K.  of  the  drop 
chronograph  may  Ix'  inserted  at  x,  \  or  /..  Wlien  iiolli  keys  are  closed 
the  system  is  charged  and  in  both  condensers  the  |)lates  are  at  <i 
common  difference  of  potential  I  R.  If  K,  is  opened  the  discharge 
begins  and  continues  until  Kj  is  opened.  If  K;  is  at  x,  the  oscilla- 
tion ceases  and  the  two  Cfindenseis  settle  down  to  the  same  difTercnce 
of  potential.  If  Kj  is  at  y,  the  first  condenser  C,  is  left  with  the 
charge  it  had  at  the  instant  of  opening  the  key  K,,.  If  K,  be  con- 
nected at  z,  the  condenser  d  is  left  with  the  charge  it  had  at  the 
instant  of  oi)ening  the  key.  In  any  case  we  nia>-  measure  the  charge 
by  connecting  both  with  a  ballistic  galv.inometer  and  calculate  the 
potential  from  the  known  capacities.  Or  we  may  connect  to  an 
electrometer  and  measure  the  f)otential.  For  tiie  case  where  Kj  is  at  x 
or  z,  we  may  use  the  capillary  electrometer  to  measure  the  potential. 
The  first  arrangement  only  v.as  uslhI. 

Suppose  plates  n  and  /;  are  charged  i^o^-itiveK  so  that  when  K,  is 
opened  the  charge  flows  from  a  and  /)  through  the  system.  Let  the 
current  in  ci.cuit  1  1k>  i,.  in  circuit  2  !)e  i-,  the  ch.irge  on  plate  a  of  Ci 
be  qi,  on  plate  b  of  C.  be  q,,,  potential  of  a  be  \'-,  and  of  c  be  V^..  Let 
Ri  include  resistance  of  L.  We  may  call  the  cai)acities  of  the  conden- 
sers C,  and  Co  respecti\'el\-. 

Then: 


i,  R,  =  V„-V,-1 
i.  R,  =  V,,-V.,  =  V, 


di, 

di 


<li 


di, 
'dt 


and  a  Is 


d(jj 
dt 


and  1,  =   — 


v,-i\',,-\; 

(1(1,  ({(Jo 


Co 


dt 


(It 


So  w 


re  have  l.(^'  +  'l='l=)+R,('''l.+'l'l.)  +  '1.^0 
^   dt^        dt-'  /  \  dt        (It   /       C, 

<lq... 


and 


R. 


+ 


Ml 


(It 


Co 


ID 
(2) 


i 
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or       c|,  =  -  —   +  *     '^      , 

\\V  mav  .liftrnntiau  ti,  -     ,:ation  and  miI.MUuU.  in  (1).  obtaining 


C2  d'qi    , IJ ^ 

dt^  T77^         .I,'  i-r,  R.       dt     LC,r,R, 


'I'SJ  4- 


'Cdq,^ 


(3) 

=  0 


We  n.av  applv  th/K-enoral  nu.ho.i  tor  linear  .litferential  e,,uations 
with  constant  Vo-.ffici.nts  bv  pining  T.  =  ^'S  M.bst.tut.on  of  wh.ch 
in  (3)  i;ives  ^,  ^^^ 


L  C,  R.  1-  f">  »<^ 

Yielding  three  vahi'>  of  A,  so  that 


'A  + 


LCiC.Ra 


=  0 


.,,  =  a,e''t  +  aot'"i  +  ajf'''  (5) 

It  will  be  shown  late.-  that  only  one  root  of  the  A  equation  is  real. 

The  other  two  must  U-  conjugate  imaginaries.     We  may  call  A,  -  A. 

the  real  root,  and  the  other  two  may  be  written   «  +  i,'?  and  «  -  i^. 

So  we  have  finally 

^1^  =  ^^n  +  t"t  (A  cos  /3t  +  B  bin  ,3t)  (6) 

Differe.itiation  and  substitution  in  (2)  give 

^1    I    r^   D    1  \  r'  t  *«v 


q,  =  a 


(E]  +  C,R=A)f't 


+  e' 


^•A+C,R..(A«  +  B/3)W-osryt+    '-^B  +  C,Rj(Ba-A/?) 
LIC2  ■  >  ^'-^ 


C„ 


jsin/Jt 


We  may,  of  course,  write  (6)  as 

qj  =  at''  +  At"'  cos  (/?t  -  (f>) 


A 


where    A  =  \'   A^  +  B-  and  0  =   tan" 

and  in  the  same  manner 

qi  =  (  ^  +  C,R.,  a)  a  e^t  +  A,  e"'  cos  (/3t  -0  +  w) 

where         A,  =  A  ^  (  J^  +  C,  R.  a)%  r,=  R==^^ 
and     (1)  =  tan 


(8) 
(9) 

(10) 
(11) 


1  -  C2  R2  a 

oj  is  the  difference  in  phase  of  the  two  discharges.  It  will  be  noticed 
that  both  discharges  are  oscillatory  and  consist  m  each  case  of  a 
damped  oscillation  impressed  upon  an  exponential  discharge. 


80 


THE  ROYAL  SOCIETY  OF  CANADA 


In  the  fxptTinKtital  (Icttrmination  of  the  discharge  curve   the 
fol!(i\\  inj;  vahios  were  used  : 
C,  =   to  "farad. 

('■:  =    -27  (10)-"  farad  (capillary  Xo.  12). 
I.    =    -81  henric?. 
R,  =  100  ohm. 

K:  =  1/1000  ohm  (capillary  Xo.  12,  approximate  value). 
Co  was  measured  by  the  method  already  outlined  and  is  the  value 
for  zero  difference'  in  potential.     The  resistance  was  determined  from 
the  discharge  cur\-c  as  explained  later. 
The  /  equation  becomes 

/'  +  150,  3/=+  1,2.^8,700  A  +  26,741,000  =  0  (12) 

Trial  shews  one  root  to  Ih'  -21-64,  and  the  resulting  equation  yields 


the  roots  -()+•.?.?  ±  lllOi 
so  th.it  ('.  =   -64- 3.? 

7- 

and  tlu-  |ii  ri(.(l   ~  =    -OO.^OO 
3 


,S  =  1110. 


(13) 


Ihe  piiiod  oht.iin<'d  by  exix'rimeiit  is  '00567  sec. 
Wf  iii.iN   now  dvlcniune  the  const, luts  of  intei;ration, 


for  wh( 


n     t   =;  0    (1 


(). 


<lo 


ll 


=   0,    q, 


y,  and  '-^'-'  =  0 
dt 


of  which  oiu-  i~  r.  ihnidaiit. 
Take  a  +  A  =  f), 

.1  /.  -f    ('  .A  +  ;V  n   =  0.  and 
a  A-  +  u-  A  -*-  2  „  ,i  B  -  d-  A  =  0 
>olviiu;  ,ind  snb.stiliilini;  values,  we  have 
a     =    1  ■00188  O..  1 

A  =  -('/•00188  O; 
H  =  0.0194  O, 
and     4>  =tan  '  10-32  = -84'''28' 
0)  =tan  '  23<>3  =  87''  48' 
<A'  =  lan  '    05816  =  3, "19 
Ue  ma\  obt.iin  i\.<  ex|Krinientally  by  inserting  Kj  at  z,  q,  by  inserting 
at  \  and  (|i  f  fj,  b\  inserting  at  x  (Fig.  2) 


(14) 


Sine<  (),.  =  *:■(), 


C. 


■27Q, 


qi+<i.=<Ji 


')   (15) 


-21   (i4t    -64  33t/'9938cos  1110t+'0633^ 

'\  -2715,  +     ,  V     sin  lUOt 

If   we   use   the  capillar  \    electrometer  to  indicate   the    potential 

without  determining  (|,  or  (|j,we  may  insert  key  Kj  at  either  z  or  x, 

wh'Ti  we  obtain  the  potential  (}f  the  electrometer  at  the  instant  of 


1 
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opening  K„  or  we  niav  obtain  ;he  final  potential  of  th..  system  when 

it  settles  down  after  Ko  is  opened. 

Using  El  =  -J  and  £2=  ^ 
Ci  L2 

we  have  the  potential  of  the  condenser  system  at  any  instant 

^  qi  +  cu  ^  SaIi}  -  j  •  2715,  etc.  (16) 

This  equation  plotted  follows  the  jieneral  character  of  the  experi- 
mental curve,  but  the  amplitu<ie  is  considerably  Kreater.  TV  -  to  be 
accounted  fur,  probably  in  the  emf  of  the  concentration  cell .  .u.<d  by 
the  transport  of  ions  in  the  acid  solution  due  to  the  passage  of.  ectncity 

through  it.  ..,,!.■ 

For  making  or  breaking  the  circuit  in  this  and  other  determina- 
tions of  charge  and  discha.  ■.  curves  a  Webster  chronograph'  was 
used  The  potentiometer  connecticjns  were  led  to  a  non-inductive 
resistance  through  one  key  of  the  chronograph.  The  self-inductance 
^•81  henries),  and  the  electrometer  and  condenser  in  parallel,  were 
connected  to  the  terminals  of  the  non-inductive  resistances  through 
the  second  key  of  the  chronograph.    The  falling  weight  opens  the  two 
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'  Wolistcr.     riiysi.al  Keview  (1),  VI,  297,  189H. 
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kt\>  villi  .1  >luirt  inltTwil  nf  liiiii'  liclwi-cn  and  llif  i-k-ctroiiK'tor  allows 
tlic  lin.il  ['(icntial  of  ihr  cniuUnMr.  'l"lii>  tinif  interval  may  tx; 
i'liani:(<l  .it  will  (i\iT  .1  wiiif  raii^c  anil  a  s.-rit^  nl'  R-adin^s  taken  for 
(liffcrcnl   tinu~  d  ciiar^'  it  d       laruc. 

l-imirc  ,1  ;-iii>\\>  rlu-  rouli  lining  fur  K  =  l()()  dhnis.  The  standard 
CdiidcnM-r  had  a  iMi)acit\'  dt  1  iiiicnil.irad  and  thi'  ckitrdinct:'!  aliout 
•27  niiiTdiarads  v,illi  ndrnial  cliaryiiii;. 

ll  will  lie  ndlifcd  that  the  minima  arc  nmi  li  neariT  the  mean 
|)d;-iiidn-  dn  which  wdnld  \)c  a  lnyarithmic  (iir\e  than  llie  maxima, 
and  the  t  ur\  alnrc  i>  much  lt>.-  alM>.  Tliis  i>  the  result  (if  the  condenser 
ha\ine  dillcrcnt  capacities  in   the  dillCrcnt  directions. 


N()\-()-(  II.IATOKV   L)ls(li\k(.l    ('tKVi:s 

ll  w.i-  .is\  td  dlit.iin  ch.irg"  ,ind  di^ch.u'nt' inr\es  with  the  .ibd\i' 
nientidned  chvdndiir.ipli,  lint  tie-  ctTet  t>  df  N.irvinji  res'st.mce  and 
c;ipacit\'  .ire  Ik'sI  seen  1)\  ptdltiiiK  ihe  rtsulls  senii-lnKarithmically. 
It  ihe  resi^lance  df  ihc  elcclrdmcKT  i^  maiiiK'  th.it  df  the  mercury 
.iiid  .n  id  I'dhimn  in  llie  small  tube,  the  chanj;es  will  be  relatively  small 
when  liu  nieiii-cus  i>  iidt  tod  n  Mr  the  open  (■nd  nf  tli  ■  lube,  but  may 
be  l.iri;e  if  ih  ■  meniscus  i^  ne.ir  llie  eml.     In  llie  lir^t  ■  .ise,  the  diseh.irge 

cur\e  i>  npieMiited  well  li\  \'=\H  t  '*'  ,ind  ihe  senii-Kigarithmic 
pldt  i~  >ir, light.  (  )n  ihe  dllier  h.ind,  if  llie  meniscus  is  near  the  end 
the  ie>i>i,ince  df  the  cdliimr.  depinil^  <in  the  position  of  the  meniscus, 
thus  on  llie  po;  ntial  dilf.reiice  \'.  We  nia\'  triat  the  resist, ince  as 
though  m.ide  up  of  two  narls.  one  .iiiprdvini.iteK  Cdiistant,  and  the 
dlher  .ipproxini.iIeK  propdrtidii.d  td  \',  -d  K  =.i\  -4-b  .ind  the  currei't 
.11  .iii\    iii^l.inl  i> 

.  ^       \ 

.iV+!) 


.1.1  ^   ^^..IV 


.It 


dt 


wliieh  i~  ^.iii^tie.l  b\ 

C.i  (\'-\'„)   f  I'l 


l.ig 


Vo 


Hdlli  dt  llicM  i(|u.ilidii-  are  will  satished  b\  uliserv ,itions  (akeii  under 
the  pr.iper  ( ireumst.iiu.s. 

Since  the  cap.uity  incre.ises  .i  littU'  with  the  iiurease  of  p.itential 
ililTeren.-e  the  elTeet  on  the  dis-h,irg.-  (iir\c  is  .if  the  s.ime  general 
iKiture  as  th,u  df  tli.'  iiKie.ise  in  resi-.t,iin  .■.  ^d  ,il|  curses  plulted  .is 
.les.ribid   -lidW   .1  sl'^hl  .  ur\  ilure. 


ICl-ARKl 


(  Aril  iAKV   Kl.lXTKOMFTKR 
Kxii  NT  oi  THi;  Uoriii.i;  I.avi  R 


8,? 


,,.,,^.  ■,,  „,,„,,,.  ,.  ,lK-  ,nen,MU>  .s  operated  "-'"^'•jj^ 

,„a  „(  Uu.  .ulx.,whuh  i^  contrary  U,  xshal  nught  be  cxpectcHl.     Th,. 

>l..nc  suggests  that  th.  .l.u.hlc  layer  is  not  confined  to  the  ment.cus. 

ppmann'   .-alculate.l   th.   thickness  of   the  doub  e  layer  from 

oh..;;Xs  on  the  surface  t.n.ion  and  th-  ---P-hng  PoU.  .^ 

...       •        ,1,       ,,r'ii-r   ( fn^^itv  ■■'       the   ihickuo^  ot  trie 

diflcren.v  which    give    llu-    ^ur,a^l    (itn.  u\ 

double  layer  i>  then  tuund  fmni  <'  =  ^j- 

Th  •  ralculat-.l  value  i.  d  =  1  4  dt))  vrn^.  -  of  rnolaular  dintens- 
ion.  lfwecalculate,hethiekne>softhedoublelayerfromthecapac.ty 
andthe  dim^'usion-  of  the  nK.n..cu>,  we  obta.n  a  very  much  .mailer 
value  ,  ..,  of  the  order  10  '  nm..  Then,  "i.her  the  doubl..  layer  has  no 
such  existen-e.  a>  a.sumed  by  l.ippmann,  or  the  acd-mercury  st.rface 
i.  much  gr,.ater  than  th-  are,,  of  the  nearlv  hen..s,.h  r.cal  nu-ntMU.. 
For  example,  the  capacity  of  capillarv  No.  0  wa.  measured  u,  t^he 
usual  manner  and  found  to  Ix-  approximately  .2.ynt.  The  dumu.e 
of  the  tube  was  about  W5  mm.  The  area  of  th"  meniscus  is  then 
approximately  2.10,-  >c,.  cm.  Then,  -ither  the  double  layer  ,s  only 
6  S(10)  'Vm.  thick  or  its  area  i.  O-O.^^J  stj.  cm. 

This  r.dMs  ,he  question  of  the  creeping  of  the  acid  solution  be- 
„veen    th..  ulass  an.l   nurcurv.     To  -est   this  point,  a   fresh  captllary 
w,>^  -Irawn  Ao.   U)  and  operated  ,.s  follow^ :     The  large  tube,  which 
,a,..re,l  l.low  into  the  cMulbrv,  w.,s  filled  with  ntercury  m  th  •  usua 
m.um.r      Then  it  w,,>  i.umers<<l  in   the  acid  and  the.  tnercury  f.^rced 
,„  run   out   under   pressure    to   exclude   air.     Then   the   pressure  was 
reduced  gra.hu.llv  until  th.  acid  entered  the  tube  .  distance  of  only 
).7^  mm.  and  the  cpacitv  was  mea.ure.l  at  a  point  2 .  .=;  cm.  trom  the 
,.n<l       Next,  the  acid  was  .dlowe.l  to  wet   the  tuU.  for  a  distance  o 
r(M1  mm.  and  the  capacity  again  measured  at  ,i  point  2  5  tnm.  and 
so  on.      riu.  following  values  of  potentials  show  that  the  progres^vc 
wetting  of  the  tulK.  with  acid  d.K^s  n.  t  change  the  .apacity. 

(.  ap.uiiy  ill  tonus  of 
I'otentioimtor  wire 

4M 
4-64 
4-75 
4W 
4M 


\ni< 

iiinl 

Wl'l 
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7.^  mm. 
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.n<! 

,1 

■.'."> 
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•  ;.s 

'  Lippmann.     fompl.  rend.  95,  6M6,  1882. 
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Then  cither  tlie  acid  soliiti 


forced  back  hv  the  return  of  the 


meniscus  after  wetting,  which  is  ncit  at  all  likely,  or  it  creeps  up  of 
itself  between  the  acid  and  mercury. 

In  a  paper  on  the  Anjjle  of  Contact'  it  wa-  ^liuwn  that  when  the 
an^le  of  contact  madj  with  glass  b\-  a  mercury  surface  covered  with 
dilute  sulphu'ic  acid  is  zero,  the  acid  creeps  between  the  mercury  and 
glass.  Further  experiments  show  that  this  cret  p  always  occurs  with 
HsSOi  at  least  when  the  concentration  is  higher  than  one-half  of  one 
per  cent.  A  large  number  of  tubes  was  prepared  by  washing  with 
aqua  regia,  water,  potassium  hydrate  .lud  distilled  water.  Distilled 
mercury  was  placed  in  the  tubes  and  co\ered  with  dilute  sulphuric 
acid.  Man>  different  sizes  of  tulxs  were  used  in  order  to  studv  a 
possible  effect  dejxnding  on  the  diameter  of  the  tube.  While  the 
smaller  tubes  seem  to  have  a  larger  cree[>  than  the  larger  ones,  the 
occurrence  of  rapid  crei  p  among  the  large  and  of  small  creep  among 
the  small  tulx.'s  render  such  a  conclusion  doubtful. 

The  curves  for  the  creep  plotted  as  total  distance  against  the 
time  are  approximately  exponential.  The  acid  creeps  rapidly  during 
the  first  few  hours  and  then  more  and  more  slowly  until  it  becomes 
almost  stationary.  Its  rate  depends  so  much  on  the  cleanliness  of  the 
glass  surface  that  the  line  between  the  wetted  and  unwetted  portion, 
which  is  very  sharp  and  distinct  at  first,  becomes  less  and  less  distinct 
until  it  is  ditilicult  to  follow.  Some  have  bt>en  followed  for  several 
weeks.  Measurements  of  the  electrostatic  capacity  of  these  layers 
show  that  with  consl.mt  potential  diiTerence  the  capacity  is  probably 
propo'-tioiial  to  the  area. 

Furtlur,  the  rate  of  ce  'ii  depends  on  the  pres:,nre,  so  .hat  as  the 
acid  descends  in  the  tube  it  reaches  regions  of  greater  and  greatei 
pressure,  so  that  the  motion  is  slower  and  slower.  If  we  take  a  tut)e 
small  enough  to  make  it  possible  to  invert  it  without  the  mercury 
escai)ing,  the  creep  is  very  rapid,  in  some  cases  so  rapid  that  it  is 
difficult  to  follow. 

It  is  easy  then  to  account  for  the  high  value  of  the  capacity  of  the 
electrometer  as  us"d  in  the  above  experiments.  The  acid  rises  r.tpidly 
for  some  distance  in  the  tube  and  the  wetted  area  in  the  conical  tube 
is  many  thousand  times  the  area  of  the  meniscus. 

Experiments  show  that  if  the  mercury  in  the  tube  is  the  cathode, 
the  rate  of  creep  is  diminished  by  a  potential  differencp  applied  to  the 
electrometer  and  increased  if  the  mercury  is  the  anode.  But  these 
etTects  .ire  small  and  do  not  explain  the  changes  in  capacities  observed. 


'  Clark       Trans.  Roy.  Sot.  (an  ,  XII,  51,  1918. 
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Measurements  of  capacity  i..  .bes  large  enough  t"  permit  the 
measurement  .,f  wetted  area  yield  a  calculated  thickness  of  the  double 
lavcr  substantially  th.  same  as  that  given  by  Lippmann. 

'  I  we  admit  the  existence  of  a  double  layer,  the  change  ut  capacity 
with  the  applied  difTerence  of  potential  seems  to  indicate  a  change  m 
The  thickness  in  the  double  layer  brought  about  by  the  charges  on 

'''  t'Si::iu:;on1"ave  t,,  thank  Mr.  A.  L.  Greenlees  for  his  pains- 
takin^crln  c^nying  out  nearly  all  of  the  experimental  work  in  the 
foregoing  paper. 
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